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Uncoupling protein 1 (UCP1) is highly expressed in brown adipose tissue, where it generates heat by uncoupling electron transport from ATP production. UCP1 is also found outside classical brown adipose tissue depots [1] [2] [3] [4] , in adipocytes that are termed 'brite' (brown-in-white) or 'beige'. In humans, the presence of brite or beige (brite/beige) adipocytes is correlated with a lean, metabolically healthy phenotype [5] [6] [7] [8] , but whether a causal relationship exists is not clear. Here we report that human brite/beige adipocyte progenitors proliferate in response to pro-angiogenic factors, in association with expanding capillary networks. Adipocytes formed from these progenitors transform in response to adenylate cyclase activation from being UCP1 negative to being UCP1 positive, which is a defining feature of the beige/brite phenotype, while displaying uncoupled respiration. When implanted into normal chow-fed, or into high-fat diet (HFD)-fed, glucoseintolerant NOD-scid IL2rg null (NSG) mice, brite/beige adipocytes activated in vitro enhance systemic glucose tolerance. These adipocytes express neuroendocrine and secreted factors, including the pro-protein convertase PCSK1, which is strongly associated with human obesity. Pro-angiogenic conditions therefore drive the proliferation of human beige/brite adipocyte progenitors, and activated beige/brite adipocytes can affect systemic glucose homeostasis, potentially through a neuroendocrine mechanism.
During human embryonic development, adipocytes first emerge from nascent vascular networks 9 , and lineage-tracing studies have demonstrated that adipocyte progenitors reside in the walls of adult mouse adipose tissue capillaries [10] [11] [12] [13] . These findings suggest that the proliferation of adipocyte and vascular progenitors may be interdependent. To determine whether human adipocyte progenitors proliferate in conjunction with adipose tissue capillaries, we used an in vitro system in which microvessels develop from adipose tissue fragments.
Explants from human subcutaneous adipose tissue from individuals undergoing panniculectomy surgery (Supplementary Table 1) were embedded in Matrigel and cultured in Dulbecco's modified Eagle's medium (DMEM) + 10% fetal bovine serum (FBS), or in endothelial cell growth medium-microvascular (EGM2-MV) either in the absence or in the presence of the pro-angiogenic growth factors vascular endothelial growth factor (VEGF), human fibroblast growth factor B (hFGF-B), human epidermal growth factor (hEGF), or long R3 insulin-like growth factor 1 (R 3 -IGF-1) (Fig. 1a) , and they were then imaged after 10 d in culture. Capillary growth was negligible in explants cultured in either DMEM of EGM-2 MV in the absence of growth factors, but it was clearly measurable in DMEM or EGM-2 MV in the presence of these factors (Fig. 1b) . Maximal growth was seen in EGM2-MV, which is consistent with the optimized pro-angiogenic properties of this medium. Over time, cells at the tips of the sprouts projected thin filopodia into the gel, and then divided and aligned to form thicker branches (Fig. 1c) , which previously have been seen to include endothelial and nonendothelial cells 14, 15 . To determine whether any of these cells correspond to adipocyte progenitors, we exposed cultures to adipogenic conditions. Because the activation of peroxisome proliferator-activated receptor gamma (PPARγ) by ligands such as thiazolidenediones can induce lipid accumulation in cells independently of adipogenic conversion 16 , we used a minimal adipogenic cocktail of 3-isobutyl-1-methylxanthine, dexamethasone and insulin (MDI). After ~6 d, we observed a loss of continuity between the cells that form the capillary structure and the lipid droplets that are in cells within the capillaries (Fig. 1c) . These morphological changes were accompanied by the induction of classical adipocyte markers (Fig. 1d) . These results were reproduced in explants from all panniculectomy samples that we studied (Supplementary Table 1) , although the magnitude of the induction of individual markers varied. Thus, proliferation of human adipocyte progenitors occurs in conjunction with capillary growth and is critically dependent on pro-angiogenic growth factors.
Human 'brite/beige' adipocytes develop from capillary networks, and their implantation improves metabolic homeostasis in mice To determine whether the proliferation and/or differentiation of adipocyte progenitors required intercellular interactions within the capillary or interactions with Matrigel components, we generated singlecell suspensions from the microvessels, passaged them once on standard tissue culture dishes and subjected them to differentiation. We found that numerous cells differentiated into adipocytes, which were identifiable by lipid droplets that increased in size and coalesced over time (Fig. 1e) , and by the induction of adipocyte genes (Fig. 1f) . We obtained similar results in capillary-network cells from all explants studied, although the magnitude of the induction of individual genes varied. To determine whether single adipocyte progenitors are capable of autonomous growth and differentiation, we sorted live single cells individually into wells of 384-well plates. As is expected from cells of nonhematopoietic lineage, these cells were CD45 − ( Supplementary  Fig. 1 ). Cells that formed colonies (~10% of seeded cells) could be further passaged into 96-well plates; of these cells, ~75% underwent adipogenic differentiation, as determined morphologically by assessing lipid droplet accumulation (Fig. 1g) and functionally by measuring the secretion of adiponectin into the culture medium (Fig. 1h) . Thus, human adipocyte progenitors isolated from capillary networks can be clonally expanded, and they can undergo differentiation in a cell-autonomous manner.
To determine whether cells generated from capillary networks include brite/beige adipocytes, we stimulated cultures acutely and chronically with the adenylate cyclase activator forskolin (Fsk), and we analyzed thermogenic gene expression by means of real-time PCR (qPCR) (Fig. 2a) . UCP1 mRNA was almost undetectable before and after adipogenic differentiation, but it was induced rapidly in response to the presence of Fsk, and it remained elevated with chronic exposure to the drug, as were mRNA levels of the canonical brown fat-cell genes cell death-inducing DFFA (DNA fragmentation factor-α)-like effector A (CIDEA) and deiodinase 2 (DIO2) (Fig. 2a) . We also detected genes in human cells that had been previously identified in mouse adipocyte progenitors, including integrin beta 1 (CD29), CD24, platelet-derived growth factor receptor alpha (PDGFRA) and zinc-finger protein 423 (ZNF423), as well as genes that are known to be enriched in brite/beige adipocytes and in human and mouse adipose tissue 17 (Supplementary Fig. 2 ). To determine whether cells responded to the physiological stimuli that cause 'browning' in vivo, we compared the responses of nondifferentiated and differentiated cells to the presence of Fsk and isoproterenol (Fig. 2b) . No induction was seen in nondifferentiated cells, but differentiated adipocytes responded to both stimuli (Fig. 2b) . Notably, the human-selective β3-adrenergic agonist Mirabegron, which activates thermogenesis in human supraclavicular fat 18 , was more potent than the murineselective β3 agonist CL316,243 in inducing UCP1 expression in differentiated cells (Fig. 2b) , which is consistent with the presence of functional β3-adrenergic receptors in these human adipocytes. e f g h Figure 2 The induction of a human brite/beige phenotype in adipocytes derived from capillary networks. (a) Experimental scheme (top) and qPCR of indicated genes (bottom). Results are expressed as the fold over the minimum detectable value for each gene among the experimental groups being compared. Plotted are the means, and error bars represent the range of two technical replicates from a representative experiment that has been replicated a minimum of three times with cells from separate individuals. Where error bars are not apparent, replicates were too close to result in a visible error bar. (b) Experimental scheme (top) and UCP1 mRNA expression (bottom left) in cells exposed to isoproterenol (Iso) or forskolin (Fsk), as indicated in the scheme, or in response to different concentrations of adrenergic agonists (bottom right). Plotted are means ± s.e.m. of three biological replicates (n = 3). The statistical difference relative to CL316,243 was determined at each concentration using Student's t test, corrected for multiple comparisons using the Holm-Sidak method. *P < 0.05, **P < 0.01, ****P < 0.0001. The Fsk-induced increase in UCP1 mRNA levels translated into an increase in protein, given that UCP1 was detected by immunofluorescence in most adipocytes, and that fluorescence intensity progressively increased upon chronic exposure to Fsk (Fig. 2c) . Mitochondria containing UCP1 were rounded, dense and abundant (Fig. 2d) , a feature reminiscent of brown adipose tissue mitochondria 19 . In contrast, interspersed cells with no detectable UCP1 contained the linear, sparse mitochondria (Fig. 2d) . The UCP1 expressed in these human adipocytes was functional, as cells treated chronically with Fsk displayed enhanced basal and uncoupled oxygen consumption compared to nontreated cells (Fig. 2e) . In addition, mitochondrial parameters after the addition of specific inhibitors (Fig. 2f) revealed decreased ATP-linked oxygen consumption and enhanced proton leak in Fsk-treated cells compared to nontreated cells. The enhanced proton leak was at least in part attributable to the presence of UCP1, given that respiratory rate was inhibited in response to 1 mM guanosine diphosphate (GDP) in digitonin-permeabilized cells (Fig. 2g) . We also observed other changes consistent with known properties of thermogenic adipocytes, including the remodeling of large lipid droplets into numerous small lipid droplets (Fig. 2h) 20, 21 , accompanied by a large increase in the expression of PLIN1 (perilipin 1) over time (Fig. 2i) , which is consistent with an increase in droplet surface area. We observed increased expression of FABP4 (fatty acid binding protein 4) and SLC2A4 (also known as GLUT4, encoding solute carrier family 2 (facilitated glucose transporter), member 4, which are involved in the uptake of lipids and glucose, as well as decreased expression of LEP (leptin) and increased expression of ADIPOQ (adiponectin) in Fsk-treated cells compared to nontreated cells (Fig. 2i) . This pattern is consistent with circulating concentrations of these adipokines in mice treated with 'probrowning' β3-adrenergic agonists 22 . Thus, adipocytes derived from human capillary networks possess the cardinal biochemical and physiological characteristics of brite/beige cells.
To determine the similarity of brite/beige adipocytes generated from human capillary networks to cells in human thermogenic fat, we obtained pericarotid adipose tissue from four individuals undergoing elective carotid endarterectomy (Supplementary Table 1) . Relative to the expression of ADIPOQ, we found substantial variability in the expression of UCP1 and DIO2 among samples of pericarotid fat (Fig. 3a) , but where values were higher, they were comparable to those seen in brite/beige adipocytes from capillary networks. Thus, these adipocytes resemble thermogenic adipose tissue in humans. We next asked whether human brite/beige cells could be functional in vivo. Cells were grown, differentiated and stimulated with Fsk as described in Online Methods. We routinely obtained cultures with unilocular and multilocular adipocytes, collected them by trypsinization, resuspended them in Matrigel and implanted them into the dorsal region of NSG mice (Fig. 3b) . 11 weeks after implantation, we observed only solidified remains of the gel in the dorsal region under the skin of mice receiving only Matrigel (Fig. 3b) . In contrast, we observed welldelineated vascularized adipose tissue structures in mice implanted with cell suspensions (Fig. 3b) . These structures were clearly demarcated from surrounding tissue, and they contained large patches of adipocytes and vasculature (Fig. 3c) . Human adipocytes were viable and integrated into the mouse circulation; we detected human adiponectin in serum from mice harboring implanted cells, but not in serum from mice receiving Matrigel only (Fig. 3d) . Remarkably, implanted adipocytes maintained the brite/beige phenotype: we detected human-specific UCP1 and PLIN1 expression in the adipose tissue structure at levels comparable to those found in cells before implantation (Fig. 3e) , and we observed multilocular adipocytes in the excised structure (Supplementary Fig. 3) .
We next asked whether human brite/beige cells could affect glucose metabolism. Mice implanted with cells displayed lower fasting glucose (Fig. 3f) and a more-rapid glucose disposal rate (Fig. 3g) than did those receiving Matrigel only. NSG mice have been reported to be highly resistant to HFD-induced obesity 23 . Because susceptibility to HFD-induced obesity and glucose intolerance are enhanced by thermoneutrality 24 , we subjected a cohort of NSG mice to a HFD at 30 °C. Within 2 weeks, mice displayed significant glucose intolerance (Fig. 3h) . At 2 weeks of HFD feeding, mice were randomized to receive either Matrigel alone or brite/beige adipocytes suspended in Matrigel, as described above. Seven weeks after implantation, glucose tolerance was higher (Fig. 3i) and liver steatosis was lower (Fig. 3j) in mice that received cells than in those that received only Matrigel. Thus, brite/beige adipocytes derived from human capillary networks can enhance glucose metabolism in mice both under normal conditions and in the context of impaired glucose tolerance.
Although this is, to our knowledge, the first description of transplanted human adipocytes improving systemic glucose homeostasis, it has been reported that mouse subcutaneous adipose tissue can improve glucose homeostasis in HFD-fed mice 25 . To determine whether the improvement in glucose tolerance seen in mice implanted with capillary-derived human adipocytes was indeed attributable to the cells' brite/beige characteristics, we compared the effects of nonactivated adipocytes to those of Fsk-activated adipocytes. We used hyperinsulinemic-euglycemic clamps in vivo to measure whole-body glucose turnover, which was normalized to circulating human adiponectin to adequately control for the quantity and the functional integration of implanted human cells. Mice implanted with Fskactivated cells displayed faster glucose turnover than did those implanted with nonstimulated cells (Fig. 4a) , which demonstrated that the brite/beige phenotype directly contributed to the improvement of glucose metabolism. Indeed, this value is likely to be underestimated, as adiponectin expression is higher in Fsk-activated than in nonactivated brite/beige adipocytes (Fig. 2i) . We noted a strong correlation between serum human adiponectin and whole-body glucose turnover when we analyzed the entire cohort of mice with nonactivated and Fsk-activated cells (Fig. 4b) , which suggests that nonactivated cells were also capable of affecting glucose turnover, or that the cells became activated after transplantation. qPCR analysis of the implanted structures revealed detectable UCP1 expression in tissue formed from nonactivated cells, albeit at lower levels than those seen in tissue formed from Fsk-activated cells (Fig. 4c) . These results support the conclusion that cells derived from human capillary networks give rise to brite/beige adipocytes, which can be activated in vitro and in vivo, and that these cells can positively affect glucose homeostasis.
To determine whether the enhanced glucose tolerance seen in mice implanted with brite/beige adipocytes was related to the thermogenic properties of these cells, body temperature was measured using subcutaneously implanted Thermochron iButton temperature loggers, which have a resolution of 0.025 °C and were set to record at 30-min intervals. Mice bred at room temperature harboring brite/beige adipocytes did not differ markedly from Matrigel controls in their basal body temperatures, or in their responses to cold exposure (Fig. 4d) . It remains possible that local thermogenic effects, which are undetectable using whole-body temperature measurements, contribute to improved glucose metabolism. Alternatively, implanted cells might contribute to glucose tolerance independently of thermogenesis. To determine whether glucose uptake into implanted cells contributes to glucose turnover, we measured 2-[ 14 C]-deoxyglucose uptake into tissues during hyperinsulinemic-euglycemic clamps. On a per gram of tissue basis, the rate of glucose uptake by implanted cell structures was significantly higher than that of epididymal white fat, but lower than that of interscapular brown fat in the same animal (Fig. 4e) . Because the density of cells in the implant is lower than that in tissue because of dilution with Matrigel, these values may underestimate glucose consumption by human cells. Thus, improved glucose tolerance may be in part attributable to glucose consumption by implanted cells. However, whole-body glucose turnover was not directly correlated with the amount of glucose uptake by the implanted cells (Fig. 4f) , Representative H&E staining of implants (n = 40 sections with five sections from each of eight independent implants); dotted red line separating the implant from surrounding mouse adipose tissue; blood vessels within the implant (arrow). Scale bars, 300 µm and 75 µm (inset). Similar results were seen in eight additional implants. (d) Human adiponectin in sera from six mice implanted with either Matrigel alone or cells in Matrigel, in serum from a control C57BL6 mouse and in a 1:500 dilution of normal human serum. (e) qPCR for mouse Ucp1, human UCP1 and human PLIN1 in mouse adipose depots (mBAT (mouse brown adipose tissue), mIng (mouse inguinal adipose tissue) and mEpi (mouse epididymal adipose tissue), human capillary-derived cells (C, MDI and FSK), and adipose structures from three mice, excised 7 weeks after implantation. Values represent the fold difference relative to the lowest detectable value in the series for each respective probe set; a value of 0 was given to nondetectable values. Error bars represent the range of two technical replicates. (f,g) Fasting glucose levels (f), glucose tolerance curves (g; left) and areas under the curve (A.U.C.) of the glucose excursion after a 16-h fast in male mice implanted with Matrigel (n = 8) or with Matrigel + cells (n = 10). (h) Glucose tolerance curves after an 8-h fast in mice housed at 30 °C for 2 weeks and fed either a normal diet (n = 5) or a 60% HFD (n = 5). (i) Glucose-tolerance curves after 11 weeks of 60% HFD feeding and an 8 h fast in mice housed at 30 °C, implanted with either Matrigel (n = 5) or Matrigel + cells (n = 3) after 2 weeks of a HFD. Statistical analysis was performed using two-tailed unpaired Student's t test at each time point of glucose-tolerance curves, and a Mann-Whitney test between groups for fasting blood glucose and area under the curves. *P < 0.05, **P < 0.01, ***P < 0.001 for f-i. (j) Livers from mice used in i immediately after euthanasia at 11 weeks. Scale bars, 1 cm.
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which suggests that effects of the implanted cells on peripheral tissues contribute to enhanced whole-body glucose turnover. Indeed, improved metabolism attributable to the effects of brown adipose tissue on the liver has been reported 26 .
To explore the possibility that the metabolic benefits of human brite/ beige adipocytes could be due to secreted factors, we conducted global gene-expression analysis of adipocytes before and after 7 d of Fsk stimulation (Fig. 4g) . Unexpectedly, among the most significantly induced genes were the proprotein-convertase subtilisin/kexin type-1 (PCSK1), its substrate proenkephalin (PENK) and interleukin-33 (IL33), all of which were also detected in human pericarotid fat (Fig. 4h) . Mutations and polymorphisms in PCSK1 are strongly associated with human obesity 27, 28 , although the underlying mechanisms are unclear. The cleavage of PENK by PCSK1 produces enkephalins, which are made in peripheral tissues in addition to in the brain 29 . IL-33 has been shown in mouse models to decrease adiposity, mitigate atherosclerosis and be necessary for normal glucose homeostasis 30, 31 . Notably, enkephalins and IL-33 have been shown to induce adipose tissue browning 31 ; thus, the production of these factors by implanted brite/beige cells could explain the sustained expression of UCP1 seen weeks after implantation (Fig. 3e) . Although we were not able to detect IL-33 in the circulation of mice with transplanted cells, immunostaining revealed punctate structures containing IL-33 within activated adipocytes ( Supplementary Fig. 4) . Further studies will be required to determine any possible autocrine effects of IL-33 on the induction or maintenance of the brite/beige adipocyte phenotype in vivo.
In summary, our data reveal that human adipocyte progenitor cells proliferate in response to pro-angiogenic stimuli in conjunction with adipose tissue angiogenesis. These cells display the cardinal feature of brite/beige adipocytes, which is a near absence of thermogenic genes under basal conditions, but strong induction in response to adrenergic stimulation. To our knowledge, these findings are the first to enable the growth and differentiation of human brite/ beige cells in vitro, as well as to facilitate the assessment of these cells' effects on systemic glucose homeostasis in mice. These cells differ from human brown adipocyte cell lines established through the immortalization of human precursors 32, 33 or through the differentiation of human pluripotent stem cells 34 because of their highly inducible expression of a thermogenic phenotype, the development of uncoupled respiration and their capacity to affect metabolism upon transplantation in vivo.
Our finding of a functional relationship between angiogenesis and brite/beige adipocyte development converges with existing studies in which overexpression of the pro-angiogenic factor VEGF in mouse adipose tissue results in extensive browning 35, 36 . In addition, perivascular adipose tissue surrounding major blood vessels displays npg thermogenic characteristics 37, 38 , and its loss results in cold intolerance, endothelial dysfunction and susceptibility to atherosclerosis in mice 37 . The finding that human brite/beige adipocytes enhance glucose homeostasis provides a clear rationale for their potential therapeutic use. Moreover, the expression of neuroendocrine and secreted factors by activated cells suggests that the secreted products identified in these studies could also contribute to metabolic effects. Future studies to systematically assess the mechanisms by which human brite/beige cells develop and affect glucose homeostasis will be greatly facilitated by the ability to generate these cells from human adipose tissue by the methods described herein.
MeTHODS
Methods and any associated references are available in the online version of the paper. 
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